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The hierarchical porous structure enabled fast electron transfer and electrolyte penetration,

resulting in high power rate and ultra-long cycling life, which makes the structure a promising

anode for lithium ion batteries.
Introduction

Owing to its large energy density, lithium ion batteries (LIBs)
has been studied for decades to satisfy the rapidly increasing
demand of power sources.'™ Recently, the increasing concerns
upon unsafe lithium dendrite have promoted the investigation
on alternating conventional carbon anode with
electrochemically safe material.”’ Titanium oxide, such as
monoclinic TiO, and anatase TiO,, have been attracted much
attention because of their large theoretical capacity (~335 mAh
gh), low volume expansion (< 3 %), superb pseudocapacitor-
like behaviour and environmental friendliness.> !
Unfortunately, the low electrical conductivity (107°~10"7 S cm’
") constitutes the major obstacle for its application in LIBs in
the form of insufficient rate performance and low lithium ion
insertion  kinetics. To  circumvent such  drawback,
nanostructured TiO, has been intensively investigated and
proved to be effective on improving the lithium ion diffusion
kinetics. However, due to the low thermodynamic stability of
nanoparticles, self-aggregation of these nanoparticles occurs
upon deep cycling. And the aggregation problem is further
accompanied with undesirable isolation between TiO, and the
conducting agency, leading to poor cycling performance and
insufficient power rate.

Bottom-up  synthesis of hierarchical TiO,/carbon
composite offers a promising procedure to prevent particle
aggregation. In this regard, the recent upsurge emphasized
surface modification/functionalization techniques, by which
TiO, nanoparticles or thin layers are decorated on the exterior
of carbon material. Numerous approaches, including sol-gel
synthesis, chemical vapour deposition (CVD), atomic layer
deposition (ALD), layer-by-layer adsorption and
electrospinning technique, have been applied and however, the
rate performance of the state-of-the-art structure is still not as
sufficient as desire. '*'7 More recently, Liu et.al. set a very
good example on modifying the surface of CNFs through
electrospinning and hydrothermal method.'® A uniform thin
layer of TiO, nanosheets tightly grew on the interface of the
carbon nanofibers (CNFs). Benefitting from the morphology
manipulation, the structure made a significant progress in the
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perspective of higher power rate and better cycling
performance.'® Unfortunately, their attempt to further increase
the weight fraction of TiO, nanosheet to about 25 % turns out
to be unsuccessful. Highly challenging efforts are required to
upgrade the overall energy density by increasing the TiO,
loading or further re-designing of alternative structure with
equally high performance.

In terms of carbon substrate, electrospun hollow carbon
nanofiber (HCNFs) is a desirable organization for particle
impregnation because of its hierarchical porous architecture.
Three types of pores are involved including: the hollow cavity
inside the fibre, the nanometer-scaled holes across the fibre and
the micrometer-scaled holes between fibres. By introducing
HCNFs as the substrate of TiO,, the current surface
modification strategy seems inapplicable to HCNFs because the
problem of limited TiO, loading can be predicted. Based on the
consideration aforementioned, we designed an original
structure of particle-impregnated HCNF to increase the
conductivity of TiO, as well as power rate. TiO,/VO,has been
first co-impregnated into HCNFs through the simultaneous co-
axial electrospinning techniques. Over 60 (wt.) % of TiO, (with
6 % VO,) was for the first time dispersed and in-situ grown in
the carbon shell of HCNFs. As an anode for LIBs, the structure
delivered a remarkable capacity of 1016 and 554 mAh.g™' with
potential range of 0-3V and 1-3V (vs. Li'/Li), respectively.
Furthermore, ultra-long cycling performance with narrow
potential range was carried out and found to be most stable with
reversible capacity of 139 and 90 mAh.g" under 15 C and 20 C
after 1000 cycles. Although the TiO, and VO, was deeply
immobilized inside the carbon, the hierarchical porous structure
enables an even faster lithium ion diffusion than that of TiO,
particles (7 nm in diameter) suggested by the evaluations on
their electrochemical properties.

Results and discussion

The procedure involved in this study is modified from our
previous work (see experimental details in ESIT). The solution
containing titanium precursor, vanadium precursor and PVP were
utilized as the shell solution while the liquid paraffin as the core
solution. These two immiscible solutions were directly electrospun
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into core/shell nanofibers with the appearance of membrane (22x11
cm) in Fig. la. With the thermal pyrolysis and oxidation of
precursors, a large area of self-standing membrane appeared, as
illustrated in Fig. 1b. The membrane was flexible enough to be
consequently cut into discs without adding any additives (Fig. 1b
inset). SEM image (Fig. 1c) on its interfacial morphology suggested
a uniform nanofiber texture (~200 nm in diameter for single fibre) in
particular with the micrometer-scale pores derived from the fibre
interconnection. The hollow characteristic of the fibre was verified
by the cut-edge SEM image in Fig. 1d and the TEM images in Fig.
le. Clear boundary between the carbon shell (50 nm in thickness)
and hollow core (approximately 100 nm in diameter) was observed
without any obvious particle formation, an indicative of exceptional
TiO, and VO, dispersion. The SAED pattern (Figure le inset)
demonstrated the crystallographic property of polycrystalline of
these metal oxides. HRTEM image in Figure 1f suggested the
formation of relatively small particles with the diameter evaluated to
be ~10 nm. It has to been pointed out that because these metal oxides
were impregnated into the carbon shell, the diameter was thus
estimated by the circle lattice fringe of regionally-crystallized carbon
surrounding the particles. Meanwhile, typical mesopores inside the
carbon shell of nanofiber was observed, which may form through the
removal of solvent and the decomposition of organic precursors.
Therefore, the electrolyte was believed to penetrate into composite
not only from the surface of the carbon shell but also the interface of
the hollow cavity inside

Fig. 1 The morphology of flexible TiO,/VO, co-impregnated HCNFs:(a) the
appearance of electrospun nanotiberous membrane; (b) self-standing
nanofiberous membrane after post-annealing treatment with the electrode
inset (the bar of 3 mm); (¢) SEM image of membrane interface with the
micrometer-scaled pores; (d) SEM image of the hollow nanofiber; (¢) TEM
image of the co-axial hollow architecture with the SAED pattern inset (bar of
5 1/nm); (f) HRTEM image of the carbon shell with the appearance of
irregular mesopores.

The crystallographic properties of the prepared structure
were further evaluated by XRD, EDS and XPS in Fig. 2. Fig.
2a illustrated the crystallinity of impregnated TiO, by XRD
detection. The measurement with 26=10-80° indicated the
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formation of anatase TiO,, index to JCPDS No. 89-4921.
Furthermore, the low-angle XRD in the region of 26=0.5-1.5°
detected the broad absorption signal around 26=1.1°,
corresponding to the pore size of 5-10 nm, in accordance with
the result of HRTEM. The EDS measurement (shown in Fig. 2a
inset) verified the presence of titanium, vanadium and carbon
element. The molecular ratio of carbon and titanium oxide was
found to be 1:1.2. It should be pointed out that no VO, peak
was detected, and it was possibly due to the substitution of V**
jons with the Ti*" ions in the TiO, lattice because the structures
of TiO, and VO,(A) are very similar. XPS spectrums with
narrow energy bonding region of Ti2p and V2p were further
proposed, indicating the valence of titanium and vanadium
element of co-impregnated TiO,/VO, in the carbon shell. In Fig.
2b and c, typical Ti (TV) bonding energy at 458.4/ 464.0 eV and
V (IV) at 517.1/523.2 eV was detected, firmly proving that
TiO, and VO, that has been successfully loaded into the carbon
shell.'* %
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Fig. 2 Crystallographic characterization of TiO»/VO, co-impregnated
HCNFs:(a) the XRD and low-angle XRD spectrum with the EDS spectrum
inset; (b) the XPS spectrum of narrow bonding energy region of Ti2p; (¢) the
XPS spectrum of narrow bonding energy region of V2p.

In order to investigate the lithiation/delithiation process of the
unique structure, CV test was carried out and results were shown in
Fig. 3. A pair of broad redox peaks (in Fig. 3a) were recognized as
the Ti(IV)/Ti(Ill) with the anodic and cathodic peaks located at 2.0
V/1.5 V(vs. Li'/Li). When the scan rate consequently increased from
0.3t0 2.0 mV s, slight shift of the anodic/ cathodic peak location
occurred due to the limited kinetics of lithium ion insertion. In this
case, unlike other active materials with sharp and narrow redox
peaks, TiO, and VO, exhibited relatively broad ones. The reason has
been explained in literature that TiO,/VO, has both intercalation and
capacitance properties with lithium ions. 7 As a result, lithium ion
inserting into the lattice or adsorbing on the surface can both
contribute to the sum of charge delivered. It was obvious that
although TiO, and VO, particles were embedded in carbon, the redox
reaction maintained, suggesting the exceptional porous carbon
structure that has enabled the fast electron transfer and electrolyte
penetration. Furthermore, we tried to quantitatively distinguish the
capacitance from the intercalation capacity (Eqn. S11).® As
suggested by Fig. 3b, the surface capacitance was believed to
contribute 41%, 64% and 67% of the total charge under the scan rate
of 03, 0.5 and 0.8 mV s, respectively. And the detailed
contribution ratio of capacitance and intercalation capacity for each
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scan rate was listed in Fig. S1f. The results revealed that with fast
scan rate (0.8 mV.s™'), capacitance behavior played more important
role than that of intercalation capacity. The capacitance behavior
may ensure an improvement of high power rate.
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Figure 3 CV investigation of TiO,/VO, co-encapsulated HCNFs: (a) redox
behavior in the potential range of 1-3 V with different scan rate; (b) the
proportion of intercalation capacity and capacitance under scan rate of 0.3,
0.5and 0.8 mV's™.
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Benefitting from the unique structure, ultra-fast rate performance
and long-term stability under high rate were measured by the
galvanostatic experiment within the potential range of 0-3 V and 1-3
V (vs. Li'/Li) in Fig. 4. In term of 0-3 V potential range, the anode
capacity was found to be 1058, 849, 576, 440, 338, 248, 210 and 160
mAh g‘1 under the current density of 0.3 C, 1 C,2C,5C,7C, 10C,
15 C and 20 C (1 C=335mA g) (Fig. S27). The ultra-high capacity
is considered to be not only from the TiO,/VO, but also from the
HCNFs, because CNFs itself can deliver capacity within 0-1 V due
to the lithium ion insertion into carbon layers. According to Liu’s
research, narrowing the potential range to 1-3 V can exclude the

possible capacity from CNFs.'® Therefore, the real capacity
delivered by TiO,/VO, impregnated in the unique structure was re-
evaluated and illustrated in Fig. 4a. Capacity of 516, 468, 407, 301,
241, 215, 180 and 101 mAh g'1 was obtained, still higher than
current reported ones. Additional 50 cycles under 0.3 C current
density was consequently conducted, suggesting a good retention
ability of the unique structure. Furthermore, cycling performance at
very high current density (15 C and 20 C) was illustrated by Fig. 4b.
Stable cycling ability was illustrated with 92 % and 87 % capacity
retention after 1000 cycles within 1-3 V. The corresponding
charge/discharge profile of rate performance was shown in Fig. 4c.
The plateau of delithiation at 2.0 V and the plateau of lithiation at
1.5 V were observed. However, the plateau was not critically flat
largely due to the capacitor-like lithiation/delithiation behavior,
suggested by the CV test. Most importantly, the problem of low
coulombic efficiency that has severely limited the application of
transition metal oxide has been improved by the unique structure.
The coulombic efficiency of the first and second cycles was 99.2 %
and 100.6 % and it maintained about 100 % for the following cycles.
The initial discharge process from open circuit voltage to 1.0 V can
be seen in Fig. S37. Meantime, it is reported that small amount of
vanadium oxide would significantly improve the cycling
performance of TiO,.” Therefore, the co-impregnation of TiO, with
VO, is believed contributed to the ultra-long lifespan of the cell.
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Figure 4 Battery performance of TiO,/VO, co-impregnated HCNFs: (a) high
power rate performance and good retention ability from 0.3 C to 20 C; (b)
cycling performance under 15 C and 20 C; (c¢) corresponding
charge/discharge profiles of rate performance.

We next evaluated the electrochemical properties of TiO,/VO,
co-impregnated HCNFs by electrochemical impedance spectrum
(EIS) measurements shown in Fig.5. In Fig. 5a a comparison of EIS
spectra was made regarding cells with different potential ranges after
rate performance test. It is revealed that the EIS of cell with 0-3V
appeared to be two semicircles whereas that with 1-3V only showed
one obvious semicircle. The difference indicated the formation of
SEI membrane on the surface of HCNFs. In order to determine the
Warburg coefficient (c,,) of the unique structure, the plots of Z,, vs.
@® was depicted with perfect fitting in Fig. 5b. The electrochemical
properties of the resistance of electrolyte (R,), the resistance of
electrochemical reaction (R,,), the diffusion coefficient (D) as well as
exchange current density (i,) has been thus determined by Eqn. S2,
S3 and S4tand summarized in Table 1. In term of the cell operated
at 1-3 V, the R, of the unique structure has been intensively lowered
to 66 Q, compared to that of the pure TiO, about ~400 Q. It
suggested a very good contact between the TiO,/VO, particles with
the HCNFs. Most importantly, the diffusion of lithium ion in the
active material has been extremely improved. Wang et.al
investigated the kinetics of TiO, single crystal and proposed the
diffusion coefficient to be 1.3x107* cm? S In this study, when
HCNTs was utilized as the immobilizer for TiO,/VO, particles
impregnation, the diffusion coefficient increased to 9.25x10™'" cm?
S with the exchange current density of 3.88x10* A cm™, which
suggesting the a more advantageous environment for fast electrolyte
penetration. In term of cell operated at 0-3 V, the formation of SEI
membrane has shown negative effect on the lithium ion diffusion
and insertion efficiency.
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Table 1 Electrochemical properties of TiO,/VO, co-impregnated
HCNFs with different potential window

Potential/ Rsun/2

2.1 . -2
v R/Q2 R/ Res/Q2 (fitted) a D/em’s i/ Acm
1-3 13.11  66.16  None 80.25 9.25x10™  3.88x10™
0-3 2368 2551 2753 557.5 4.98x10™  1.01x10™
a)The value of Ryyp(including Re, Re and Res; ) was calculated from Z’- ™% plot
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Conclusions

In summary, we rationally designed a flexible nanofibrous anode
for high performance LIBs by co-encapsulating TiO, and VO,
nanoparticles into hollow carbon nanofibers. In-situ growth of TiO,
and VO, exhibited exceptional contact with carbon shell, which
largely improved the conductivity. The hierarchical porous structure
of the unique HCNFs formed a continuous 3D electronic path,
facilitated fast electrolyte penetration and sufficient lithium ion
insertion. As a result, good conductivity, highly reversible capacity,
excellent rate performance and ultra-long cycling stability were
obtained and the structure was considered as an exceptional
improvement on the design of TiO,/carbon nanostructured
composite. This rational structural design may provide a facile route
for the fabrication of metal-oxide/Carbon composite electrodes with
high capacity and good stability.
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High anodic power rate and ultra-long cycling stability were achieved by co-encapsulation of

TiO,/VO, into hollow carbon nanofibers.
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